Electrical energy substitution is used as a national strategy to promote the energy consumption revolution, increase the proportion of electric energy in terminal energy consumption, increase the proportion of coal used for power generation in total coal consumption, increase the share of renewable energy in electricity consumption, and reduce air pollutant emissions; its importance in the national energy strategy is beyond doubt. Evaluating the potential of electrical energy substitution in various regions of China is an indispensable step in effectively carrying out electrical energy substitution. Only by clearly identifying the potential and characteristics of electrical energy substitution in each region can an effective electrical energy substitution strategy be formulated. This paper constructs a regional electrical energy substitution potential evaluation index system, based on comprehensive consideration of the influencing factors and regional differences in the potential of electrical energy substitution. The weight of each indicator is determined by a combination of cloud model and entropy method. The improved Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) evaluation model by connection degree is used to evaluate the potential of electrical energy substitution in each region. Finally, this index system and evaluation method are used to evaluate the potential of electrical energy substitution in twenty-five regions in the State Grid jurisdiction, and the evaluation results are analyzed; the effectiveness of evaluation index system and evaluation method are verified. The practical significance of this paper lies in providing important theoretical support for State Grid to implement electrical energy substitution according to local conditions.
Introduction
Energy is the foundation for human survival and modernization. At present, the international energy landscape is undergoing profound changes. The path of global energy transformation is still being explored. China is also actively promoting the energy revolution to solve related issues including energy security and environmental pressure. In this context, electrical energy substitution faces a rare historical opportunity. In 2015, electricity consumption accounts for 25.8% of China's total energy consumption. It is estimated that, by 2020, the proportion of electricity consumption will reach 27%. Electrical energy substitution work has important energy-saving and environmental-friendly effects, which is in line with the energy consumption revolution. In addition, at present, the proportion of electric energy consumption in terminal energy consumption is relatively low, and the effectiveness of energy-saving and environmental protection in the end-use energy segment has a multiplier effect. Therefore, there is a great potential for electrical energy substitution and its urgent needs to be promoted in an orderly manner. The Chinese government has also actively promoted the implementation of electrical energy substitution strategy through various forms, such as policy documents.
Electrical energy substitution has been extensively studied internationally, especially in developed countries. On the macro level, electrical energy substitution can reduce pollution and greenhouse gas emissions. Scholars have demonstrated that electrical energy substitution could reduce greenhouse gas emissions from various aspects, such as power generation, transportation, industrial, residential consumption, energy for commercial buildings, cement industry, and steel industry [1, 2] . In China, electrical energy substitution as a part of the energy development strategy is of great significance in promoting the energy consumption revolution. At present in China, the research of electrical energy 2 Mathematical Problems in Engineering substitution mainly focuses on the four topics: residential heating, manufacturing, transportation, power supply, and consumption. Its purpose is also to reduce greenhouse gas emissions and improve energy efficiency. On the micro level, the electrical energy substitution of daily-use vehicles, agricultural machinery, and kitchen boilers has also been extensively studied [3, 4] . For example, in the United States, the issue of electric vehicles is a hot topic [5, 6] . In China, the electrical energy substitution in the field of residential heating is a research hot spot; a large number of scholars have studied the feasibility and economics of electrifying winter heating in the Beijing-Tianjin-Hebei area [7] . At the same time, electrical energy substitution is also a means of reducing poverty [8] . Electricity supply demand balance, peak electricity, and power grids [9] , a region's energy micro grid, rural sustainable electrification, and electrification economy [10] [11] [12] [13] are also hot topics to study. In promoting the implementation of electrical energy substitution, ZhangJing gave some suggestions based on the research, for example, full integration of resources, full grasp of opportunities, full data support, rapid business management, technology promotion, and government subsidies [14] .
According to the combining of previous literatures, it can be found that there is no systematic and in-depth study of the current electrical energy substitution work in China; especially the research on regional electrical energy substitution potential evaluation is even less. Therefore, aiming at the blank of this research field, this paper evaluates the potential of regional electrical energy substitution in China.
This paper constructs a regional electrical energy substitution potential evaluation index system that includes five first-level indicators and sixteen second-level indicators based on comprehensive consideration of the influencing factors and regional differences in the potential of electrical energy substitution. In order to minimize the impact of human subjective, this paper adopts a cloud model that is widely used in many fields to quantify the languages for humans evaluating the importance of indicators subjectively. At the same time, considering the objectivity of the indicator itself, this paper uses the combination of cloud model and entropy method to determine the weight of each indicator. Because the Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) has a certain deficiencies, in order to overcome the deficiencies, the connection degree is used to improve the TOPSIS method, and then the improved TOPSIS method is used to evaluate the potential of electrical energy substitution in each region and the validity of the evaluation method is verified through case.
The main contributions of this paper are as follows:
(1) This paper evaluates the potential of regional electrical energy substitution from the perspective of the electrical energy substitution potential. Based on the characteristics of regional electrical energy substitution potential, a set of indicator system suitable for the evaluation of regional electrical energy substitution potential is constructed, including five first-level indicators and sixteen second-level indicators.
(2) In order to overcome the deficiencies of the subjective and objective weighting methods, this paper uses the combination weighting method, i.e., the combination of the cloud model and the entropy weighting method to determine the weight of each indicator. The TOPSIS method improved by the connection degree is used to evaluate the potential of electrical energy substitution in each region, and the validity of the evaluation method is verified with case.
(3) According to the evaluation results of the potential of electrical energy substitution in each region, twenty-five regions are divided into four categories and the factors that affect the potential of electrical energy substitution in various categories are analyzed, and corresponding electrical energy substitution implementation strategies are put forward. It provides important theoretical support for grid companies to implement electrical energy substitution, production management, and decision-making reference according to local conditions.
Evaluation Index System for
China's Regional Electrical Energy Substitution Potential 2.1. Index System Construction. The establishment of a regional evaluation index system for the potential of electrical energy substitution plays an important role in the reasonable and effective evaluation of the potential of electrical energy substitution in each region. In literature [15] when evaluating the comprehensive benefits of electrical energy substitution projects, a comprehensive benefit evaluation index system was constructed based on national development policies and experiences from the external environment, company profitability, and social contribution. Literature [13, 16, 17] evaluates the technical feasibility, economic benefits, and environmental benefits of electrical energy substitution. The indicators for evaluation are mainly the existing electrical energy substitution technologies, cost, and air pollution emissions reductions. According to the existing literatures on the study of electrical energy substitution and national policies. It can be concluded that if electrical energy substitution is to be developed, it must be technically feasible, economical, and environmentally friendly. It can be seen from the existing researches that the current researches on the evaluation of electrical energy substitution mainly focus on (1) the comprehensive benefits of electrical energy substitution, mainly including environmental benefits, social benefits, and economic benefits; (2) the competitiveness of electric energy in terminal energy use; (3) electrical energy substitution for fuel vehicles. From the comprehensive evaluation index system, the index systems established by scholars are mostly multilevel index systems covering energy, economy, and environment. As for the evaluation of China's regional electrical energy substitution potential, researches are rarely involved. At present, there is not a complete set of electrical energy substitution potential evaluation index system that can be used as a reference. Therefore, based on the existing evaluation index system of electrical energy substitution combined with the factors that affect the potential of electrical energy substitution and the characteristics of electrical energy substitution, we establish a set of indicators system that can be used to evaluate the regional electrical energy substitution potential. As a relatively new thing, electrical energy substitution needs the driving force of development, which mainly includes the adjustment of the national energy consumption structure and corresponding supporting support policies. As socioeconomic development is also the main reason for promoting changes in energy structure. Therefore, this paper will use the above factors that affect the potential of electrical energy substitution as the basis for selecting indicators, at the same time, considering the need to assess the potential for electrical energy substitution in multiple regions. As electrical energy substitution technologies within the country are available in all regions, in order to distinguish the differences among regions, this paper does not select technical feasibility as an evaluation index. Since natural gas is also widely promoted by the state as a clean energy source, the economics of electricity are mainly compared with natural gas. Based on the above analysis, this paper divides the evaluation index of China's regional electrical energy substitution potential into five aspects: social and economic development level, energy consumption structure, environmental protection constraints, economical efficiency, and supporting support. The specific indicators are shown in Table 1 .
Index System Analysis

Social and Economic Development
Level. The level of social and economic development is expressed in terms of GDP and population.
(1) GDP. In general, the higher the GDP, the more developed the region, the higher the degree of emphasis on energy, the higher the level of electrification, and the greater the potential for electrical energy substitution.
(2) Population. The population is directly proportional to the amount of energy consumed. The more people there are, the greater the potential for electrical energy substitution is.
Energy Consumption Structure.
The energy consumption structure mainly includes coal consumption, crude oil consumption, natural gas consumption, and electricity consumption.
(1) Coal, Crude Oil, and Electricity Consumption. The potential for electrical energy substitution lays mainly that electricity instead of coal and oil; therefore, the greater the coal and crude oil consumption in a region, the greater the potential for electrical energy substitution in the region.
(2) Natural Gas Consumption. Natural gas is considered a relatively clean energy source that the country vigorously promotes and uses, and it is a competitor of electric energy. The greater the consumption of natural gas in a region, the greater the resistance to competition for electrical energy replacement in the region and the smaller the potential for electrical energy replacement.
Environmental Protection Constraints.
Under the criteria of environmental protection constraints, there are mainly three secondary indicators, namely, annual amount of scattered coal burned (including rural life, accommodation and catering, urban life, and agricultural life), annual average air PM2.5 concentration, and motor vehicle ownership.
(1) The Annual Scattered Coal Consumption. Scattered coal (abbreviated as bulk coal) is the key and difficult point in controlling air pollution prevention and coal treatment.
Relative to concentrated coal combustion, scattered coal is widely used, and it is difficult to supervise. Civilians often use low-quality coal with high ash content and high sulfur content. After combustion, it often lacks desulfurization, denitrification, and dust removal. The unit emission intensity of bulk coal is much higher than that of concentrated coal, and the emission intensity of scattered coal is about eight times of that of electric coal. Therefore, the annual scattered coal consumption in a region is a driving factor for environmental protection requirements. The larger the amount of scattered coal burned, the greater the potential for electrical energy substitution.
(2) Annual Air PM2.5 Average Concentration. The more severe the forms of environmental protection in a region, the greater the opportunities for the development of electrical energy substitution; the concentration of PM2.5 in the air is an indicator that people are generally concerned about. Therefore, the average annual air PM2.5 concentration was selected as the calculation factor driven by the environmental protection requirements. The higher the average air PM2.5 concentration, the greater the potential for electrical energy replacement.
(3) Number of Motor Vehicles. Without considering the energy consumption of the whole life cycle, from the view of the car alone, the electric car has a certain energy-saving effect.
The larger the number of traditional fuel vehicles in a region, the greater the consumption of gasoline, diesel, and other energy sources, and the more favorable the promotion of electric vehicles, the greater the demand. As the largest industrial field in the world, the auto industry has a strong representativeness. Therefore, the choice of regional fuel vehicle ownership as a calculation factor is driven by the environmental protection carbon emission requirements; the more the number of vehicle ownership, the greater the potential for electrical energy substitution.
Economical Efficiency.
Since the energy of alternative fossil energy is mainly electric energy and natural gas at this stage, the comparison of economic indicators is mainly the comparison between electric energy and natural gas. Under the economic indicators, it is divided into five secondary indexes: industrial gas price, residential gas price, residential electricity price, large industrial electricity price, and general industrial and commercial electricity price. Residential gas price and residential electricity price are mainly for decentralized electric heating, heat pumps, and electric cookers. Industrial gas price, large industrial electricity price, and general industrial and commercial electricity price are mainly aimed at electric boiler heating, building materials kilns and intermediate frequency furnaces. The general idea is that the lower the price of electricity in an area, the greater the potential for electrical energy replacement in the area; the lower the price of natural gas, the greater the resistance to competition for electrical energy replacement in the region and the lower the potential for electrical energy replacement.
Supporting Support.
At present, the development of electrical energy substitution is inseparable from supporting policies, under the criteria of supporting support, including two indicators: supporting policies and power surplus and deficiency.
(1) Support Policies. Support policies are divided into environmental protection policies, electricity price subsidy policies, and planning policies. Strict environmental protection policies are conducive to promoting the development of electrical energy substitution; electricity price subsidy policies are conducive to the electrical energy substitution to obtain cost advantages and strive for users; planning policies (electric vehicles, distribution network construction, etc.) are conducive to the development of electrical energy substitution related industries; the more the support policies in a region, the greater the potential for electrical energy substitution.
(2) Electricity Surplus and Shortage. The degree of electricity surplus and deficiency in the region determines the enthusiasm for promoting electric energy substitution, so the greater the surplus of electric, the greater the potential for electric energy substitution.
China's Regional Electrical Energy Substitution Potential Evaluation Model
Cloud Model. The cloud model was proposed by Li
Deyi, academician of the Chinese Academy of Engineering in 1995. It is an uncertain transformation model that deals with qualitative concepts and quantitative descriptions. Since its introduction, it has been successfully applied to prediction [18] , reliability analysis [19] , data mining [20] , system index testing [21] , intelligent algorithm optimization [22] , marketing [23] , multicriteria decision making [24, 25] , and so on. The cloud is defined this way [26] , assuming that U is a quantitative domain of expression with exact numerical values, ⊆ , and T is a qualitative concept in U space. If there is a stable random number ( ) ∈ [0, 1] for the element ( ∈ ), this is called the degree of membership of x to T, i.e., ( ) :
, → ( ), the distribution of the concept T from the universe U to the interval [0, 1] in the domain space is called the cloud, and each is called the cloud drop. The cloud model can be represented by the three numerical characteristics of expected value, entropy, and hyperentropy, which are, respectively, denoted as , n, and e. The expected value is the position of the center of gravity of all cloud droplets in the number domain, that is, the coordinates that best represent this qualitative concept in the number domain. Entropy n is a measure of the concept of qualitative as well as another, that is, the range of values that can be accepted by this qualitative concept in the number domain, and also reflects the probability that these points in the number domain can represent this qualitative concept. Hyperentropy e is the degree of entropy n dispersion, that is, the entropy of entropy. It reflects the degree of aggregation of each value representing the degree of certainty of the qualitative concept and also reflects the degree of condensation of cloud droplets. Usually, the cloud model can be written as ( , , ), and in the theoretical research and practical application of the cloud model, the main focus is on normal clouds, especially one-dimensional normal clouds. 
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Usually, ≥ 2; this paper takes k=3 [27] .
When the corresponding numerical range of the linguistic evaluation scale on a given domain is determined and the corresponding numerical membership degree is uncertain, the uncertain linguistic evaluation scale can be converted into an approximate one-dimensional normal cloud processing. After converting the linguistic evaluation scale in a given domain into interval numbers, the interval number is converted to an approximate one-dimensional normal random number using (1) to obtain the approximate one-dimensional normal cloud expectation and entropy . The hyperentropy of the one-dimensional normal cloud is determined according to the uncertainty degree of the language evaluation scale. If you only know the degree of uncertainty of the central language evaluation scale (corresponding to the hyperentropy of the one-dimensional normal cloud is e 0 ), you can use the golden section rate method to approximately obtain the uncertainty of other language evaluation scales. The basic idea is that if the uncertainty language evaluation scale in a given domain is expressed by a cloud model, then the closer the hyperentropy of the cloud to the center of the domain, the smaller the hyperentropy. For the hyperentropy of adjacent clouds, the cloud closer to the center of the domain is 0.618 times that of the cloud far to the center of the domain.
In this paper, five language evaluation scales are transformed into five one-dimensional normal clouds in the domain Therefore, the one-dimensional normal cloud corresponding to each language evaluation scale is shown in Table 2 .
Cloud Synthesis.
Cloud synthesis is the process of superimposing two cloud models to obtain a comprehensive
2 , 2 ) are two cloud models; and are two constants. According to the independent normal distribution algorithm, the synthesis algorithm of the integrated cloud is
Calculation of Each Index Weight.
According to the different sources of the original data when calculating the weights, the method of determining the weights can be divided into three categories: subjective weighting method, objective weighting method, and combination weighting method. The subjective weighting method can reasonably determine the ranking of each attribute weight based on the actual decision problems and the expert's own knowledge and experience. There will be no situation where the attribute weights are inconsistent with the actual importance of the attributes. However, decision-making or evaluation results have strong subjective arbitrariness. The objective weighting method is mainly based on the relationship between the original data to determine the weight, so the objectivity of the weight is strong; the method has a strong mathematical theory basis. However, this weighting method does not consider the subjective intention of the decision makers. Therefore, the determined weights may not be consistent with people's subjective wishes or actual conditions. For the advantages and disadvantages of the subjective and objective weighting methods, in order to take into account the preferences of the decision makers on attributes and at the same time strive to reduce the subjective randomness of weighting, so that the weight of the attribute is to achieve subjective and objective unity and then make the decision-making results true and reliable. Therefore, a reasonable method of weighting should include both the inherent laws of indicator data and the judgement of expert experience on decision indicators. So, this paper adopts the third method of weighting, that is, subjective and objective comprehensive weighting method, or combination weighting method, to determine the weights of each index. Assuming that the object to be evaluated is ( = 1, 2, 3 . . . , ) and the evaluation index is j ( = 1, 2, 3 . . . , ), an expert group composed of s experts ( = 1, 2, 3 . . . , ) will evaluate the importance of each evaluation index. According to Table 2 , the evaluation language is transformed into the corresponding cloud model = (  ,  ,  ) . The cloud models are given by the different expert after conversion are synthesized according to formula (2) , and the cluster cloud evaluation models of the corresponding index are calculated, and its calculation formula is according to the similarity calculation method of cloud in [28] using * as the reference cloud, the higher the degree of similarity, the higher the degree of importance; on the contrary, the smaller the degree of similarity, the lower the degree of importance. Normalize ( , * ) and then calculate the initial subjective weight of each evaluation index as [29] 
In order to reflect the objectivity of each quantitative index, the initial objective weight of each evaluation index is calculated according to the entropy weight method. Based on a comprehensive consideration of subjective and objective, the weight of each indicator is defined as follows:
TOPSIS Comprehensive Evaluation Model Based on Connection Degree Optimization
Set Pair Analysis and Connection
Degree. The core idea of set pair analysis is taking deterministic uncertainty as a certain and uncertain system. In this system, certainty and uncertainty are interconnected, mutually influenced, mutually constrained, and converted to each other under certain conditions [30] . Set pair analysis adopts a connection degree that can fully reflect the above-mentioned ideas to uniformly describe the various uncertainties caused by incompleteness of fuzzy, random, intermediary, and incomplete information, thereby transforming the dialectical understanding of uncertainty into concrete mathematical operations. Supposing the set pair = ( 0 , 1 ) is composed of the set 0 = { 01 , 02 , . . . , 0 } and the set 1 = { 11 , 12 , . . . , 1 }. Comparing the n corresponding items of 0 and 1 , there is a small difference in the number of s items, and there is a great difference in the number of p items. The remaining = − − items have some differences in quantity, but the disparity is not obvious. If the difference is small, they are considered to be the same, and the difference is big, they are considered to be opposite. If there is a certain difference, it is considered to be a difference. Thus, the set pair relationship consisting of 0 and 1 is transformed into the same, different, and opposite relationship. The connection degree of the uncertain quantitative relationship between sets 0 and 1 can be expressed as
where a+b+c=1, is the difference mark symbol or the corresponding coefficient, and the value varies depending on the condition in the [-1,1] interval. is the opposite sign or the corresponding coefficient and its value is -1.
Improved TOPSIS Model by Connection
Degree. TOP-SIS method has many characteristics such as easy to understand, simple calculation, reasonable evaluation result, and more flexible application. It has been widely used in social economy, engineering, and other fields. However, the TOPSIS method also has its shortcomings: when an object's Euclidean distance with the ideal point is small, its Euclidean distance with the negative ideal point may be small too. The result of sorting the evaluation object by the relative Euclidean distance sometimes cannot completely reflect the good and bad of each evaluation object. In order to overcome these shortcomings, literature [31] considers the ideal and negative ideal points as mutually opposite sets in the certain uncertain system. When calculating the connection degree between the object to be evaluated and the ideal or negative ideal point fully considered the existence of the opposite set, through the introduction of the concept of connect vector distance, calculate the relative close degree. TOPSIS method improved by connection degree has properties of if the distance between the evaluation object and the ideal point is closer, the distance between the evaluation object and the negative ideal point is farther away and vice versa. This paper applies the TOPSIS method improved by connection degree to evaluate China's regional electrical energy substitution potential. Compared with other methods, this method has the following advantages:
(1) The final evaluation value can be combined with the classification of categories to not only determine the category to which each evaluation area belongs, but also compare the difference in evaluation potential between different regions.
(2) Improved TOPSIS method that can simultaneously evaluate multiple objects and then sort. It has the characteristics of fast calculation, high resolution, objective evaluation, better rationality, and applicability and has a high practical value.
Supposing that there are m objects to be evaluated 1 , 2 , . . . , m and n indicators 1 , 2 , . . . , , is the index value of under indicator , ( = 1, 2, . . . , , = 1, 2, . . . , ), and is the weight of indicator , ∈ [0, 1], and ∑ =1 = 1. The calculation steps of the TOPSIS method based on connection degree optimization are as follows [32] :
(1) = ( ) × and form an initialization decision matrix.
(2) Determine the ideal point + and negative ideal point
When is a positive indicator, + = max 1≤ ≤ { } and − = min 1≤ ≤ { }. When is a negative indicator,
. . , are all positive indicators, the method for calculating the connection degree between each object to be evaluated and the ideal point and the negative ideal point follow the below step.
(3) Calculate the connection degree + between the object to be evaluated and the ideal point + .
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A set pair + = ( , + ) is composed of the object to be evaluated and the ideal point + . Then
where when
Calculate the connection degree − between the object to be evaluated and the negative ideal point − . A set pair − = ( , − ) is composed of the object to be evaluated and the negative ideal point − . Then
When there are negative indexes in 1 , 2 , . . . , , the connection degrees between the index value and the corresponding index value of the ideal point are calculated according to formula (9) principle, and the connection degrees between the index value and the corresponding index value of the negative ideal point are calculated according to formula (8) principle.
(5) The distance between the object vector to be evaluated and the connection vector of the ideal point + is calculated.
The connection vector of the ideal point + is → + = (1, 0, 0), and the corresponding connection vector of the object to be evaluated is
, then the distance between the connection vector of and + is
(6) The distance between the object vector to be evaluated and the connection vector of the negative ideal point − is calculated. The connection vector of the negative ideal point − is → − = (-1, 0, 0), and the corresponding connection vector of the object to be evaluated is
, then the distance between the connection vector of and − is
(7) Calculate the close degree of the object to be evaluated and the ideal point + .
The larger , the closer the object to the ideal point and vice versa.
Case Study
Taking the twenty-five provinces and cities within the jurisdiction of the State Grid as an example, the potential for electrical energy substitution in each province and city is evaluated. The raw data of its indicators are shown in Table 3 . The energy consumption and the price of energy of each province and city come from the statistical yearbooks of various provinces and cities and the national power price supervision notification. Among them, the policy support intensity data is transformed from the combination of the number of relevant policy documents issued by the various regions in the past two years and the expert's evaluation of policy support for provinces and cities.
Calculation of Electrical Energy Substitution Potential Evaluation Index Weights.
According to the method described above, the calculation steps are as follows.
(1) Determining Experts' Evaluation Results for Each Indicator.
Since this paper does not involve real projects, therefore, the results of expert evaluation are simulated by simulating the relevant steps of expert evaluation. The steps for simulating expert evaluation results are as follows: (1) Selecting five people who are more familiar with this field. (2) Providing the five personnel with the sixteen evaluation indicators and evaluation language scales and other relevant materials selected in this paper. (3) Asking five people to evaluate the importance of each indicator according to {very low, low, medium, high, very high} five language evaluation scales. (4) Organizing and summarizing the evaluation results of the five personnel. Based on the above steps, the simulation results of experts in this paper are shown in Table 4 .
(2) Calculating Index Initial Subjective Weights. According to the language evaluation of each indicator by five experts, according to the transformation relationship between language evaluation and cloud model in Table 1 , the evaluation languages are converted into the corresponding cloud models. According to formula (2), different cloud models of the same index are synthesized, and a group evaluation cloud model of each index is obtained according to formula (3). Let * = (0.835, 0.055, 0.0262) as a benchmark cloud with significance degree is 1 and calculate the similarity ( , * ) between and * , and normalize ( , * ) according to formula (4) to obtain the initial subjective weight of each index. The results are shown in Table 5 . entropy weight method and then determining the weight of each index according to formula (5), the results are shown in Table 6 .
Evaluation of Electrical Energy Substitution Potential in Various
Regions. This section uses the improved TOPSIS method by connection degree to assess the potential for electrical energy substitution in each region. The assessment steps are as follows:
(1) Constructing an initialization decision matrix based on the indicators' data in Table 3 and the indicators weights in Table 5 .
(2) Determining the ideal point + and negative ideal point − . (3) Calculating the connection degree. According to (8) and (9), the connection degrees between each object to be evaluated and the ideal point and the negative ideal point are calculated. The calculation results are shown in Table 7 .
(4) Calculating relative close degree. According to (10) and (11), the distances between the object to be evaluated and the ideal point + and the negative ideal point − are calculated, then, according to formula (12) , calculate the relative close degree of the object to be evaluated and the ideal point + . The calculation results are shown in Table 8 .
Result and Discussion
From the calculation results in Table 8 , we can obtain the potential for electrical energy substitution in each region. According to the value of the electrical energy substitution potential, the sort order is Shandong ≻Henan ≻Hebei ≻Sichuan ≻Jiangsu ≻Shanxi ≻Shaanxi≻ Inner Mongolia ≻Liaoning ≻Zhejiang ≻Heilongjiang ≻Hunan ≻Hubei ≻Anhui ≻Xinjiang ≻Fujian≻ Jiangxi ≻Beijing ≻Shanghai ≻Chongqing ≻Tianjin ≻Jilin ≻Gansu ≻Ningxia ≻Qinghai.
The evaluation indexes that have the greatest impact on the potential for electrical energy replacement are the support policies, as shown in Figure 1 , and the weight is 0.1784, followed by coal consumption, annual scattered coal consumption, and crude oil consumption. The weights of these four evaluation indicators, regardless of whether it is the subjective evaluation of experts or the calculation based on entropy weight, are basically the four most weighted among all indicators. The sum of the weights of the four indicators is 0.5045. Therefore, the size of these four indicators has a decisive effect on the size of the electrical energy substitution potential in a region. The index that has the greatest impact on the potential for electrical energy substitution is the I1 I2 I3 I4 I5 I6 I7 I8 I9 I10 I11 I12 I13 I14 I15 I16 weight
Index
Objective weight Subjective weight Figure 1 : Initial subjective weights, initial objective weights, and weights for each index. Source of data in Figure 1 : obtained from Table 6 with a subjective weight of 1/2 r and an objective weight of 1/2 . support policies; this is because the cost of using electricity is greater than the cost of using coal, natural gas, and other energy sources. Therefore, the enthusiasm of energy users to take the initiative to promote electrical energy substitution is not high. Only the government has introduced strict environmental protection policies and corresponding financial subsidies to promote the energy users to actively promote electrical energy substitution. Since electrical energy substitution is mainly used to replace fossil fuels such as coal and petroleum by electricity, the consumption of fossil energy is the basis for electrical energy substitution. Therefore, the three indicators of coal consumption, annual scattered coal consumption, and crude oil consumption have a relatively large weight, which is basically consistent with the reality. J i a n g s u In addition to the above, it can also be seen from Figure 1 that the subjective weights and objective weights of some indicators are quite different. For example, the subjective weights of indicators I1, I2, I6, I9, and I16 are much larger than their objective weights. The objective weights of indicators I8, I10, I11, I12, I13, and I14 are much greater than the subjective weights. The indicators with subjective weight greater than objective weight mainly belong to macroeconomic and environmental protection. Due to the fact that these indicators are conducive to advancing electrical energy substitution, experts believe that the importance of these indicators is relatively large, but the differences between the regions in these aspects are not significant. Therefore, the subjective weights of these indicators are greater than the objective weights. The indicators with objective weights much larger than the subjective weights are mainly energy prices. The objective weights are larger due to the large difference in energy prices in each region. Due to the fact that experts believe that energy prices can be intervened by the government as needed and it has controllability, they think that the importance of these indicators is relatively low. Ultimately, the objective weights of these indicators are far greater than the subjective weights.
According to the potential value of electrical energy substitution, twenty-five provinces and cities can be divided into four categories, as shown in Figure 2 From Figure 2 , we can see that although the potential value of electrical energy substitution in different regions is different, the potential value of electrical energy substitution in most regions is not much different, especially the areas in the second and third types. The difference between the area with the greatest potential for electrical energy substitution in the second category and the area with the lowest potential for electrical energy substitution in the third category is only 0.1734. Combining the weights of the above indicator values, we can draw (1) electrical energy substitution as a national strategy, and local governments all have given policy support for the implementation of electrical energy substitution; (2) the use of energy throughout the country which is still dominated by fossil energy, and the proportion of nonfossil energy consumption is low. To facilitate the analysis of the characteristics of the electrical energy substitution potential in different types of areas, the data of Table 3 is processed as follows: (1) Normalizing the data in Table 3 . (2) Using the normalized data to average each index values of each category, the formula is as (14) , drawing the results in Figure 3 .
where i is the types, is the number of indicators, m=1,2,. . .,16, and is the number of regions in the ith types, =1,2,. . .,25.
As can be seen in Figure 3 , the indicators that have large differences in the mean values of the four types are I1, I2, I3, I4, I5, I6, I7, and I9. These indicators are the main reasons for the differences in the potential for electrical energy substitution in different regions. For positive indicators, the mean values of the four categories of indicators decrease in turn. For negative indicators, the mean values of the four categories of indicators increase in turn. This shows that the potential for electric energy substitution in a region is the result of a combination of various factors. It also shows that the implementation of electric energy substitution is the result of the irreconcilability of various contradictions in the process of social development in China.
It can be seen from the above analysis that the first type of regional feature is that electrical energy substitution has obvious advantages and less resistance. Compared with other types, the first types have the advantages of developed economy and large population, and the consumption of fossil fuels such as coal, crude oil, and annual scatted coal is relatively large. It also faces serious air quality problems. At the same time, the consumption of natural gas is the lowest in four categories. Whether its industrial gas or residential gas, the price is slightly higher than that of other types. The electricity price in the first category is almost the same as in the second category and the third category, but it is obviously lower than the electricity price in the fourth category. The first category of regions is less competitive with natural gas and has certain advantages in terms of electricity price compared to other types of regions. Therefore, there I1  I2  I3  I4  I5  I6  I7  I8  I9  I10 I11 I12 I13 I14 I15 is a large market for electrical energy substitution and the first type of areas should become the preemptive areas for carrying out electrical energy substitution work. It should seize the opportunity and actively seize the electrical energy replacement market. The second type of regional feature is the advantages of electrical energy substitution which begin to weaken, and the resistances begin to increase. The overall form of the second category is almost the same as that of the first category. However, its potential for electrical energy substitution is less than the potential for electrical energy substitution in the first category, mainly because the economic development level of the second category is lower than that of the first category, and the consumption of fossil energy is less than that of the first category too. In addition, the environmental pressures facing are not as big as the first category and there are no support policies as strong as the first category, but in spite of this, its environmental pressure and support policies are still greater than the third and fourth categories. However, compared with the first category, the second category contains more areas and the total amount of electrical energy substitution is greater than the first category. In addition, the second type of electrical energy surplus is larger than that of other categories, which indicates that the second category of regions has higher enthusiasm for electrical energy substitution. Therefore, the second category areas should be the main areas for carrying out electrical energy substitution work. It should be adapted measures according to local conditions and taking a kind of electrical energy substitution advantage field as a breakthrough, forming a breakthrough of electrical energy substitution from point to area.
The characteristic of the third category is that the advantages of electrical energy substitution are further weakened and resistances are further enhanced. The third category of electrical energy substitution potential is less than the first and second categories. Both the macroeconomic and fossil energy consumption are all less than the first and second categories, and its environmental protection constraints and support policies are also slightly lower than the first and second categories. Although the surplus of electric energy is larger than that of the first category, the willingness to electrical energy replacement is stronger; there is a greater competition with natural gas. The consumption of natural gas in the third type is greater than that of the first and second types. The price of industrial gas in the third type is also slightly lower than the price of industrial gas in the second type, but the price of electricity in the third type is almost the same as the price of the second type, so it has no economic advantages. The third category is the one that contains the maximum number of regions. Although the advantages of electrical energy substitution are weak and the resistances are relatively large, it is a relatively larger market. Therefore, we must make gradual progress and achieve gradually substitution.
The fourth category is characterized by the disappearance of the advantages of electrical energy substitution and stronger resistances. The fourth category of regions has the smallest potential for electrical energy substitution. Compared with the other three types, fossil energy consumption is minimal, but the consumption of natural gas is larger than that of other three types, and the price of gas is extremely low. On the contrary, the electricity price in fourth types is higher than that of other types. Electrical energy substitution has almost no advantages in this type. Therefore, in regions where the level of gasification is relatively strong, electric energy substitution can be carried out in the form of "gas-electricity complementarity".
Conclusion
As a part of the energy development strategy, electrical energy substitution plays an important role in promoting the energy consumption revolution, implementing the national energy strategy, and promoting the sustainable development of energy cleanliness. This paper constructed a regional electrical energy substitution potential evaluation index system that includes five first-level indicators and sixteen secondlevel indicators based on comprehensive consideration of the influencing factors and regional differences in the potential of electrical energy substitution. Using the combination of cloud model and entropy method to determine the weight of each indicator, the improved TOPSIS method by the connection degree was used to comprehensively evaluate the electrical energy substitution potential in the twenty-five provinces and cities within the jurisdiction of the State Grid. The validities of the indicator system and evaluation method were verified. The evaluation results indicating that four evaluation indexes that have the greatest impact on the potential for electrical energy substitution are support policies, coal consumption, annual scatted coal consumption, and crude oil consumption, respectively. The three regions with the greatest potential for electrical energy replacement are Shandong, Henan, and Hebei. Finally, twenty-five regions are divided into four categories according to the potential value of electrical energy substitution potential. The characteristics of each category region were analyzed and accordingly the corresponding electrical energy substitution promotion strategies were put forward.
In short, steadily advancing the replacement of electrical energy will help build a new level of higher-level electrical energy consumption market, expand electrical energy consumption, upgrade China's electrification level, and improve people's quality of life. At the same time, it will also beneficial to drive the development of related equipment manufacturing industries and expand new economic growth points. Constructing a comprehensive evaluation index system and evaluation method for the potential of regional electrical energy replacement is helpful to understand the potential of electrical energy substitution in each region and provides strong support for subsequent national grid companies to formulate electrical energy substitution strategic measures and implementation according to local conditions. At the same time, it provides certain reference and decision-making support for government departments, power generation and power sales companies, and other stakeholders.
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